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Introduction
Hepatic mitochondria support a broad range of metabolic activities, many of which are unique to liver and contribute to the pathophysiology of insulin resistance, diabetes, and fatty liver disease. The tricarboxylic acid (TCA) cycle is a mitochondrial pathway that oxidizes acetyl-CoA to CO 2 and produces NADH and flavin adenine dinucleotide hydroquinone (FADH2) to support ATP synthesis via the respiratory chain. A closely linked, but distinct mitochondrial function is its anaplerotic and cataplerotic pathways, which allow 4-carbon intermediates to move into (anaplerosis) and out of (cataplerosis) the TCA cycle without undergoing oxidation. Though all tissues support minor activities of anaplerosis and cataplerosis, these pathways are a major function of liver TCA cycle, where anaplerosis and cataplerosis are required for shuttling reducing equivalents (RE) and biosynthetic substrates related to ureagenesis, amino acid synthesis, lipogenesis, and most prominently, gluconeogenesis (GNG) (1) . In this study, we examined whether anaplerosis and cataplerosis contribute to oxidative stress and inflammation during diet-induced fatty liver and insulin resistance.
Hepatic GNG is a notable anaplerotic pathway because of its role in the pathology of insulin resistance and diabetes (2) and its high flux relative to other hepatic pathways (3) . Except for glycerol, all other gluconeogenic substrates require anaplerosis (1) . The carboxylation of pyruvate to the TCA cycle intermediate oxaloacetate (OAA) by mitochondrial pyruvate carboxylase (PC) is the archetypal anaplerotic pathway, though others exist (4) . Cataplerosis occurs by subsequent transport of OAA (as malate or aspartate) from the mitochondria and decarboxylation to phosphoenolpyruvate (PEP) by PEP carboxykinase (PEPCK-C) (5, 6) . This seminal step in GNG is regulated mainly by transcription of the PEPCK-C gene (phosphoenolpyruvate carboxykinase 1 [Pck1]) through hormonal and nutritional mechanisms (5, 6) . Inasmuch as mitochondrial TCA cycle intermediates do not accumulate, the pathways of anaplerosis and cataplerosis operate at precisely the same flux.
In liver, flux through anaplerosis and cataplerosis is greater than the oxidation of acetyl-CoA in the TCA cycle (7) . In principle, the oxidative and anaplerotic/cataplerotic pathways of the TCA cycle can operate independently, but in practice, they are mediated by mutual metabolic mechanisms. First, anaplerosis/cataplerosis and substrate oxidation both produce and require OAA (1, 8) . Second, acetyl-CoA is oxidized by the TCA cycle and also potently induces anaplerosis by allosteric activation of PC (9) . Accordingly, β-oxidation and the generation of acetyl-CoA increase anaplerotic capacity (10) . Finally, GNG requires a continuous supply of highenergy cofactors (NADH and ATP) derived from TCA cycle activity and respiration. Feedback from redox state and energy charge Mitochondria are critical for respiration in all tissues; however, in liver, these organelles also accommodate high-capacity anaplerotic/cataplerotic pathways that are essential to gluconeogenesis and other biosynthetic activities. During nonalcoholic fatty liver disease (NAFLD), mitochondria also produce ROS that damage hepatocytes, trigger inflammation, and contribute to insulin resistance. Here, we provide several lines of evidence indicating that induction of biosynthesis through hepatic anaplerotic/cataplerotic pathways is energetically backed by elevated oxidative metabolism and hence contributes to oxidative stress and inflammation during NAFLD. First, in murine livers, elevation of fatty acid delivery not only induced oxidative metabolism, but also amplified anaplerosis/cataplerosis and caused a proportional rise in oxidative stress and inflammation. Second, loss of anaplerosis/cataplerosis via genetic knockdown of phosphoenolpyruvate carboxykinase 1 (Pck1) prevented fatty acid-induced rise in oxidative flux, oxidative stress, and inflammation. Flux appeared to be regulated by redox state, energy charge, and metabolite concentration, which may also amplify antioxidant pathways. Third, preventing elevated oxidative metabolism with metformin also normalized hepatic anaplerosis/cataplerosis and reduced markers of inflammation. Finally, independent histological grades in human NAFLD biopsies were proportional to oxidative flux. Thus, hepatic oxidative stress and inflammation are associated with elevated oxidative metabolism during an obesogenic diet, and this link may be provoked by increased work through anabolic pathways.
Mitochondrial metabolism mediates oxidative stress and inflammation in fatty liver lism to determine whether the anaplerotic workload contributes to oxidative stress and inflammation during NAFLD. We report that increased lipid delivery, either exogenously or by high-fat diet (HFD), amplified anaplerosis/cataplerosis and caused a rise in oxidative stress and inflammation in proportion to oxidative flux. Preventing the induction of anaplerosis/cataplerosis by genetic knockdown of PEPCK-C also altered redox and metabolite profiles, which prevented the induction of oxidative flux and stimulated antioxidant capacity. Likewise, metformin treatment prevented the rise in oxidative flux and blocked the induction of anaplerotic induces oxidative metabolism when GNG is stimulated (11) . Thus, hepatic anaplerotic/cataplerotic pathways are energetically backed by elevated oxidative metabolism in liver.
Hepatic insulin resistance and fatty liver disease may be linked to oxidative metabolism through the generation of oxidative stress (12) . During nonalcoholic fatty liver disease (NAFLD), mitochondria have impaired respiratory coupling (13) (14) (15) , but elevated TCA cycle function (7, 13) , which may increase the reductive load on respiration and the potential for ROS formation. Thus, we examined the link between anaplerosis/cataplerosis and oxidative metabo- ) did not alter (A) glucose production or (B) O 2 consumption in livers perfused with gluconeogenic substrates and NEFA (n = 4). Propionate infusion (0.5 μmol•min -1 ) into conscious and unrestrained mice did not alter (C) endogenous glucose production (n = 3) and (D) resulted in tracer level (<4%) glucose enrichment (n = 4-8). (E) Isotopomers of glucose formed by [U-13 C]lactate/pyruvate during liver perfusion and reported in the 13 C NMR spectrum of glucose C2 were not altered by the addition of propionate (n = 3). Glucose isotopomers in carbons 1-3 (black circles are 13 C) that contribute to the NMR signal are indicated above the corresponding signal. (F) Modeling the effect of incomplete OAA/fumarate equilibration in the TCA cycle predicted that [U-13 C]lactate/pyruvate (white circles) would underestimate pyruvate cycling (PK+ME) and overestimate GNG more severely than [U-13 C]propionate (gray circles). The highlighted area around 80% to 85% is the experimentally expected degree of randomization (3, 19 isotopomers (i.e., randomization or backward scrambling), but this equilibration may be closer to 80% to 85% (19, 20) . Metabolic modeling revealed that incomplete randomization causes the relative flux of pyruvate cycling to be underestimated and GNG to be overestimated. Tracers that entered the TCA cycle downstream of fumarate (e.g., [U-13 C]lactate/pyruvate/alanine) were more vulnerable to this artifact than tracers that entered upstream of fumarate (e.g., [U-13 C]propionate) ( Figure 1F ). As predicted, [U- 13 Figure 1G ). Hence, in contrast to a recent report (21) , but in agreement with another (22) , these findings demonstrate that tracer doses of propionate do not perturb glucose production or anaplerosis and explain why [U-13 C]pyruvate/lactate/alanine tracers provide lower estimates of pyruvate cycling when incomplete randomization is not modeled (23) .
Oxidative metabolism is linked to anaplerosis/cataplerosis. Next we examined whether oxidative flux measured by 2 H and 13 C NMR isotopomer analysis was consistent with measured oxygen con-flux. Finally, inflammatory scores of human liver biopsies correlated with hepatic oxidative flux. Thus, obligate induction of oxidative metabolism by increased anabolism may contribute to oxidative stress and inflammation during a HFD and NAFLD.
Results
Validation of tracer methodology for evaluating mitochondrial fluxes. We first examined the validity of a tracer approach ([U- 13 C] propionate and 2 H 2 O) used to measure hepatic anaplerosis and TCA cycle flux (7, 13, (16) (17) (18) . Neither hepatic glucose production ( Figure 1A ) nor oxygen consumption ( Figure 1B) were perturbed in perfused livers exposed to propionate at a concentration used in ex vivo experiments (0.1 mM). Endogenous glucose production was also unaltered when propionate was infused at rates equal to tracer protocols ( Figure 1C ) and resulted in approximately 3% enrichment in the C2 of glucose ( Figure 1D ). To determine whether the propionate alters flux through anaplerosis, GNG, or pyruvate cycling, we perfused livers with [U-13 C]lactate/pyruvate and nonesterified fatty acids (NEFA) in the presence and absence of propionate. Carbon-13 NMR analysis of glucose confirmed that propionate did not alter the isotopomer distributions in glucose ( Figure 1E ). Flux analyses using simple analytical expressions assumed 100% equilibration between OAA and fumarate (A) Oxygen consumption in fed, fasted, or octanoate-perfused mouse liver correlated with oxygen consumption calculated from isotopomer analysis using Equations 1 and 2 (see Methods). (B) Fasting oxygen consumption increased in proportion to anaplerosis (n = 4 × 3 repeated measures). A separate group of livers from fed mice (n = 4) was perfused with either low or high NEFA (0.2 mM or 0.8 mM). High NEFA increased oxidative metabolism measured by (C) ketone output and TCA cycle flux. High NEFA also increased (D) anaplerosis and GNG. (E) Addition of insulin suppressed glycogenolysis, but not anaplerosis or GNG regardless of NEFA concentration (n = 3-4). Data are shown as mean ± SEM. Statistical differences were detected by a 2-tailed t test. *P < 0.05; # P < 0.05 versus insulin perfusion. ure 3C). Thus, in agreement with ex vivo liver perfusions, elevated NEFA is sufficient to induce hepatic energy metabolism and cause a rise in anaplerosis and GNG in vivo.
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Oxidative stress and inflammation are associated with increased oxidative flux. Since oxidative metabolism is associated with increased ROS (25), we tested whether the marked rise in oxidative metabolism also induces oxidative stress. Mitochondrial superoxide dismutase 2 (Sod2) mRNA ( Figure 3D ) and oxidative damage indicated by malondialdehyde levels ( Figure 3E ) were increased in proportion to the induction of calculated hepatic oxygen consumption that occurred during intralipid infusion. Consistent with oxidative damage, Tnfa ( Figure 3F ) and Il6 ( Figure  3G ) were also elevated in proportion to the predicted oxygen consumption. Since GNG mediated by TCA cycle cataplerosis is a significant consumer of hepatic energetics (16) , we examined whether suppressing cataplerosis reduces oxidative stress in vitro. H4IIE cells incubated in the presence of high NEFA developed a 2-fold increase in ROS detected by 2′,7′-dichlorofluorescein, which is similar to results reported in primary hepatocytes (26) . However, this effect was attenuated when anaplerotic/cataplerotic flux was blocked by the PEPCK inhibitor mercaptopicolinic acid ( Figure  3H ). These data suggest that induction of hepatic anaplerosis/cataplerosis may play a role in increased oxidative stress associated with acute exposure of liver to substrate.
Suppression of cataplerotic flux during HFD protects against elevated GNG and hepatic insulin resistance. To determine whether TCA cycle pathways contribute to liver pathology during obesity in vivo, we suppressed anaplerosis/cataplerosis using a genetic knockdown of Pck1 (PEPCK-C) and 16 weeks of a HFD. Knockdown mice (Pck1 lox+neo/lox+neo ) had less than 50% hepatic Pck1 mRNA compared with WT mice (Pck1 f/f ) ( Figure 4A ). Knockdown mice and WT littermates were phenotypically similar on a control diet ( Table 2) , as we previously reported (27, 28) . However, despite body weights and liver fat similar to those of WT mice, glucose and insulin concentrations were lower in knockdown mice on a HFD, suggesting improved regulation of hepatic fluxes ( Table 2) . As previously reported (28) , knockdown of Pck1 did not reduce anaplerotic/cataplerotic flux on a control diet ( Figure 4B ). However, the knockdown was sufficient to prevent the rise in anaplerotic/cataplerotic flux caused by a HFD ( Figure 4B ). Likewise, Pck1 knockdown did not cause lower fasting basal endogenous glucose production ( Figure 4C ) or GNG ( Figure 4D ) on a control diet, but it was sufficient to prevent the rise in these fluxes during a HFD.
Reduced gluconeogenic flux occurred in conjunction with lower insulin levels and gluconeogenic gene expression ( Figure 4E ), suggesting that knockdown mice preserved hepatic insulin sensitivity during a HFD. Hence, we examined hepatic insulin sensitivity by hyperinsulinemic-euglycemic clamp and Akt phosphorylation. WT mice on a HFD had lower glucose infusion rates (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI82204DS1) and impaired glucose disposal ( Figure  4F ) and did not suppress glucose production ( Figure 4G ) compared with mice on a control diet. Knockdown mice had slightly reduced glucose disposal compared with WT mice, which was further impaired by a HFD ( Figure 4F ). However, in contrast to WT mice, knockdown mice on a HFD retained the ability to suppress glucose production during insulin clamp ( Figure 4G ). Hepatic AKT phos-sumption. To examine the precision of the method across a range of gluconeogenic and oxidative conditions, livers from fed or fasted mice were perfused with long-or medium-chain NEFA. Fluxes through pathways that generate or consume NADH/FADH2 (TCA cycle, ketogenesis, etc.) were used to calculate putative oxygen consumption (Equations 1 and 2), and this estimate was compared with measured oxygen consumption. Tracer estimation of oxygen consumption correlated strongly with analytically measured oxygen consumption ( Figure 2A ). Consistent with the energetic requirements of GNG, the rate of anaplerosis ( Figure 2B ) also correlated with measured O 2 consumption. Thus, flux determined by tracer analysis reflects hepatic energy metabolism as indicated by hepatic oxygen uptake, and rates of anaplerosis/GNG correlate with hepatic energy demand.
Increasing NEFA causes an autonomous rise in hepatic oxidation and anaplerosis/cataplerosis. Lipolysis is increased during insulin resistance, so we tested whether elevated NEFA alters anaplerosis/cataplerosis and oxidative flux in the TCA cycle. Livers from fed mice perfused with high NEFA (0.8 mM) had increased hepatic ketogenesis and oxidative flux in the TCA cycle ( Figure 2C ) compared with livers perfused with low NEFA (0.2 mM). In addition, high NEFA caused an increase in GNG mediated by elevated anaplerosis/cataplerosis ( Figure 2D ) despite no change in gluconeogenic substrate concentration (1.5 mM lactate and 0.15 mM pyruvate). Insulin was then administered to determine whether insulin action can suppress the induction of oxidative metabolism and GNG by NEFA. Insulin potently suppressed glycogenolysis, but did not prevent the rise in GNG, anaplerosis, or oxygen utilization caused by high NEFA (Figure 2E ). Thus, increased NEFA per se is sufficient to increase ex vivo hepatic oxidative metabolism and anaplerosis/GNG.
To determine whether NEFA induces anaplerosis/cataplerosis and oxidative metabolism in vivo, hepatic fluxes were measured in rats after 6 hours of intralipid infusion. Intralipid increased circulating NEFA, triglycerides, ketones, and insulin (Table 1) . These conditions stimulated an increase in ketone turnover and oxidative flux in the TCA cycle ( Figure 3A ). In agreement with previous findings (24) , elevated NEFA also increased GNG ( Figure 3B ), which was facilitated by a marked increase in anaplerosis/cataplerosis ( Figure 3B ). Overall, isotopomer analysis indicated elevated oxygen consumption that rose in proportion to plasma NEFA ( ( Figure 5A ). Ketogenesis was elevated in WT mice on a HFD and tended to be higher in knockdown mice on a control diet (Figure 5B ). Based on flux measurements, calculated hepatic oxygen consumption rose in WT mice on a HFD but remained normal in knockdown mice ( Figure 5C ). Despite decreased oxidative metabolism, ATP, ADP, and AMP concentrations were normal ( Figure  5D ), indicating that the decrease in oxidative flux was appropriate for maintaining normal energy charge in knockdown mice. Thus, a rise in anaplerosis/cataplerosis during a HFD appears to instigate increased oxidative metabolism. It is unlikely that reduced oxidative flux in the TCA cycle of knockdown mice on a HFD was mediated by gene expression, inasmuch as oxidative genes were upregulated, but flux was reduced ( Figure 5E ). Putative metabolic regulation of TCA cycle oxidation is governed by redox state, product inhibition, and energy charge phorylation (Supplemental Figure 2 ) was also robustly induced by acute insulin injection in HFD knockdown mice, but not in WT mice ( Figure 4 , H and I). These data indicate that preventing the rise in anaplerosis/cataplerosis and oxidative flux during a HFD allowed knockdown livers to retain insulin action despite the same degree of peripheral insulin resistance (perhaps worse) and hepatic steatosis as that seen in WT mice.
Suppression of cataplerotic activity protects against elevated oxidative metabolism via metabolic mechanisms. Previous calculations (16) and ex vivo experiments ( Figure 2 and Table 3 ) demonstrated that GNG is a substantial consumer of hepatic energy metabolism, so we tested whether preventing the induction of the anaplerotic/ cataplerotic pathway would obviate the rise in oxidative flux. Substrate oxidation in the TCA cycle was elevated by a HFD in WT mice as we previously reported (13), but not in knockdown mice (reviewed in ref. 11); thus, we investigated these factors in WT and knockdown mice. Mitochondrial NAD + /NADH estimated from plasma acetoacetate/β-hydroxybutyrate (29) was reduced in knockdown liver ( Figure 5F ), which is known to inhibit the forward reactions of the TCA cycle (11). This finding was also supported by a reduced cytosolic redox state determined from the liver lactate/ pyruvate ratio ( Figure 5G and Supplemental Table 1 ). Several TCA cycle metabolites are known to inhibit upstream enzymes. Citrate, succinyl-CoA, and OAA inhibit citrate synthase, α-ketoglutarate dehydrogenase, and succinate dehydrogenase (complex II), respectively (11) . Citrate and succinate concentrations were modestly elevated, but OAA was 5-fold higher in knockdown liver (Figure 5H and Supplemental Table 1 ). These data are consistent with feedback inhibition of the TCA cycle in response to restricted cataplerosis via effects on redox state and product inhibition. Suppression of cataplerotic and oxidative flux in the hepatic TCA cycle protects against oxidative stress and inflammation. Since mitochondrial oxidative metabolism induces free radical production, we determined whether preventing the rise in anaplerosis/cataplerosis reduces hepatic oxidative stress and inflammation during a HFD. A quantitative real-time PCR (qPCR) array of 84 genes related to oxidative stress indicated that most classes of superoxide dismutases, peroxidases, and peroxiredoxins (antioxidant pathways) were elevated by HFD in WT but not knockdown liver (Figure 6A) . A fluorescent probe (dihydroethidium [DHE] bromide) was used to confirm the induction of ROS in liver. WT mice, but not knockdown mice, had a substantial increase in fluorescence intensity in liver after a HFD ( Figure 6B ). Consistent with less ROS, knockdown mice were also protected from HFD-induced lipid peroxidation ( Figure 6C ).
To explore the mechanism of lower oxidative stress in knockdown mice, we examined mitochondrial inner-membrane redox and ROS-scavenging potential. Coenzyme Q 10 (Q) was reduced to QH 2 in the inner-membrane by NADH in complex I (NADH + Q → QH 2 + 4H+) or by FADH2 in complex II/SDH (succinate + Q → fumarate + QH 2 ). Hence, the succinate/fumarate ratio indicates inner-membrane Q/QH 2 (30) . In contrast to the reduced redox state of the mitochondrial matrix and cytosol ( Figure 5 , F and G), the Q/QH 2 redox state was more oxidized in knockdown liver ( Figure 6D ). In conjunction with reduced mitochondrial NAD + / NADH, the oxidized Q/QH 2 dictated a more negative ΔG for complexes I and II (31) in the knockdown mice ( Figure 5E ). This finding indicates that the reverse transport mechanism of ROS formation may be less favorable in knockdown mice than in WT mice.
ROS scavenging capacity was evaluated by examining free NADP + /NADPH using the malic enzyme-associated malate/ pyruvate redox couple (32) . Knockdown mice on a HFD had 3-fold reduced NADP + /NADPH compared with WT mice ( Figure 6F ). These conditions are favorable for the reduced form of glutathione (GSH) and the clearance of peroxides by GSH reductase antioxidant systems. In addition to influencing various redox systems, altered TCA cycle metabolites can activate antioxidant programs. Fuma- rate and α-ketoglutarate interact with essential hepatic antioxidant transcription factors, such as Nrf1, Nrf2, and If1. These metabolites ( Figure 6G ), transcription factors, and several of their target antioxidant enzymes ( Figure 6H ) were elevated, even in the absence of a HFD ( Figure 6H ). Thus, in addition to a reduced oxidative load, the knockdown liver has improved antioxidant capacity.
In accordance with less oxidative damage, knockdown mice had reduced inflammatory cell infiltration observed by H&E staining ( Figure 6I ). Hepatic inflammatory markers Tnfa and Il6 were also substantially elevated by a HFD in WT mice, but not in knockdown mice ( Figure 6 , J and K), and inflammatory signaling was confirmed by reduced NF-κB S536 phosphorylation ( Figure 6L and Supplemental Figure 3 ). Since Pck1 is expressed in many extrahepatic tissues, we confirmed hepatocyte autonomy of the antiinflammatory effect in liver-specific PEPCK-C knockout mice (Supplemental Figure 4 ). These data indicate that preventing the rise in anaplerosis/cataplerosis during a HFD protects against oxidative stress and inflammation in liver, either by obviating increased oxidative metabolism or by activating antioxidant programs.
Metformin recapitulates the metabolic effects of PEPCK knockdown during a HFD. The antidiabetic actions of biguanides have been linked to several mechanisms, including the suppression of hepatic energetics (33) . Thus, we examined whether metformin treatment suppresses oxidative flux and inflammation in HFD mice similarly to direct suppression of anaplerosis/cataplerosis in Pck1 knockdown mice. As expected, 2 weeks of metformin reduced fasting GNG ( Figure 7A ) and anaplerosis/cataplerosis ( Figure 7B ) in mice on a HFD. Consistent with suppressed hepatic energetics, TCA cycle flux ( Figure 7C ) and calculated oxygen consumption ( Figure 7D ) were markedly suppressed in metformin-treated mice. Hepatic Il6 ( Figure 7E ) and Tnfa ( Figure 7F ) expressions were reduced in metformin-treated mice. Thus, either inhibition of oxidative metabolism by metformin or by genetic suppression of anaplerosis/cataplerosis is sufficient to improve inflammatory markers in the liver of HFD mice.
NAFLD activity scores correlate with calculated hepatic oxygen consumption in humans. To determine whether activation of oxidative metabolism is an important factor in the development of NAFLD in humans, we compared oxidative flux to NAFLD activity score (NAS, ref. 34 ) and inflammatory scores (Ishak, ref. 35) in liver biopsies. Estimated oxygen consumption calculated from fluxes recently reported in NAFLD subjects (7) correlated strongly with biopsy NAS and inflammatory scores in those same subjects ( Figure 8A ). Thus, higher oxidative metabolism was associated with poorer histological grading in humans under evaluation for NAFLD. On the whole, the data indicate that increased flux through anaplerotic/cataplerotic pathways not only contributes to dysregulation of downstream nutrients (e.g., glycemia and lipidemia), but also triggers oxidative metabolism and altered antioxidant capacity that contribute to the development of oxidative stress, inflammation, and insulin resistance ( Figure 8B and Supplemental Table 2 ).
Discussion
Liver mitochondria oxidize substrate, produce ATP, and contain highly active anaplerotic and cataplerotic pathways used to support biosynthesis. Hence, we examined whether elevated anaplerotic/ cataplerotic workload provokes oxidative metabolism and therefore oxidative stress and inflammation during obesity and insulin resistance. Multiple tracers were used to measure GNG, anaplerosis/cataplerosis, ketogenesis, and TCA cycle oxidation; and this approach was validated by its agreement with hepatic oxygen consumption. NEFA autonomously increased oxidative metabolism, amplified anaplerosis, and caused a rise in oxidative stress and inflammation. Preventing the induction of anaplerosis/cataplerosis and/or oxidative flux averted oxidative stress and inflammation and protected hepatic insulin sensitivity during a HFD. Finally, liver histology in humans who were previously evaluated with tracers of hepatic metabolism demonstrated a positive correlation between oxidative flux and NAS/necroinflammation. Thus, anaplerosis and cataplerosis impinge on oxidative metabolism and are therefore linked to oxidative stress and inflammation during NAFLD.
Mitochondrial function during NAFLD. Obesity and NAFLD are accompanied by broad effects on mitochondrial metabolism that include increased or decreased activity, depending on the context. In vitro defects in respiration (13-15, 36, 37) and morphology (36) are apparent in severe models of obesity and insulin resistance. Under moderate conditions, the effect of obesity and insulin resistance on hepatic respiration is less clear. In vivo ATP turnover by 31 P magnetic resonance (MR) saturation transfer was reduced by 40% in humans with diabetes (38) . In contrast, in vivo splanch- not apparent in moderate examples of obesity. We found that 16 weeks of a HFD in mice caused obesity and increased ketogenesis (Figure 4 and ref. 13 ). Others reported that obese humans have elevated 11 C-palmitate oxidation (44) , consistent with our finding that humans with NAFLD have increased TCA cycle flux (7) . On balance, mitochondrial respiration and oxidation appear to evolve from a hyperactive but perhaps inefficient state during moderate obesity and insulin resistance to a more generalized mitopathy during severe obesity/insulin resistance and/or liver disease. Energetic requirements downstream of anaplerosis/cataplerosis induce oxidative metabolism during obesity. We focused our study on anaplerosis/cataplerosis, a mitochondrial pathway that is required for GNG. Inasmuch as this mitochondrial pathway is elevated during obesity and insulin resistance, it may provide a partial explanation for the spectrum of mitochondrial function observed during these conditions. Mitochondrial anaplerosis/cataplerosis and oxidative function are coupled by ATP/GTP consumption at PC (anaplerosis), PEPCK (cataplerosis), and phosphoglycerate kinase (GNG). In perfused livers, where oxygen consumption was measured directly, these pathways consumed roughly 40% of hepatic energy production (Table 3) , which is very similar to the estimate made by Landau in human liver (16) . Hence, individuals with a 60% increase in GNG (2) should have a roughly 30% nic oxygen consumption was increased by 45% in obese subjects, suggesting increased respiration (39) , and more recently, mitochondrial respiration was found to be increased in obese humans (40) . A uniform conclusion about β-oxidation is similarly difficult to ascertain across studies. Global suppression of β-oxidation was sufficient to cause hepatic lipid accumulation and insulin resistance, but without elevated GNG or activation of inflammatory pathways common to obesity (41) . In vitro hepatic palmitate oxidation is also impaired in hyperphagic genetic models of obesity (15) , which we found manifested as reduced in vivo ketogenesis in ZDF rats and very long-term (32 weeks) HFD mice (13, 42) . Cotter and coworkers more carefully investigated ketogenesis and found that 3-hydroxymethylglutaryl-CoA synthase (HMGCS2) loss of function suppressed ketogenesis, increased steatosis, and caused liver inflammation (43) . However, tracer analysis indicated that impaired ketogenesis may have caused increased activity of the TCA cycle (43), consistent with our previous findings (13, 42) . In principal, the high reductive yield of the TCA cycle (46 NADH/palmitate) compared with β-hydroxybutyrate formation (10 NADH/ palmitate) allows the energetics of a 30% reduction in ketogenesis to be recaptured by a mere 7% increase in the TCA cycle. Thus, it is remarkable that moderate defects in β-oxidation may not limit energy capture by liver. Nonetheless, defects in β-oxidation are Anaplerosis/cataplerosis can instigate oxidative stress and inflammation. The energetic requirements downstream of anaplerosis/cataplerosis in pathways, such as GNG, dictate concomitant substrate oxidation and electron transport. In the setting of limited mitochondrial capacity (14, 15) , this reductive pressure may exacerbate ROS formation (25) in part by direct leak from the TCA cycle at succinate dehydrogenase/complex II (48) and αKG dehydrogenase (49) . Indeed, we found that oxidative flux correlated with oxidative stress during acute NEFA delivery and chronically during a HFD. This finding is consistent with studies performed in cell lines that reported β-oxidation-dependent ROS formation is sufficient to induce insulin resistance (50) by activating JNK-mediated phosphorylation of IR substrate (IRS) (51) . ROS formation may be exacerbated in vivo where increased oxygen extraction across the lobular sinusoid can increase localized hypoxia and ROS formation during a HFD (14) . Most importantly, we found that calculated oxygen consumption in humans, previously shown to have elevated anaplerosis (7) , correlated with poorer NAS and necroinflammatory scores. These data are similar to results by Egnatchik et al. (26, 52) , who found that exposure of liver cells to elevated NEFA caused increased TCA cycle flux and oxidative stress.
Suppressing the rise in anaplerosis/cataplerosis by knocking down PEPCK or indirectly by inhibiting oxidative metabolism with metformin (or phenformin in Egnatchik's study, ref. 52) was sufficient to prevent oxidative stress and inflammation. ROS formation is dictated primarily by mitochondrial redox systems, including matrix/membrane NAD + /NADH and the inner membrane ubiquinone cycle (Q/QH 2 ) (reviewed in ref. 53) . In contrast to the reduced NAD + /NADH redox state of the mitochondria, knockdown mice had a more oxidized Q/QH 2 . These are unusual conditions, inasmuch as electron flow should proceed spontaneously to Q via complex I (53) . However, based on similar effects, Veech and colleagues concluded that ketones improve cardiac function by lowering the free energy of complexes I and II (31) . In knockdown liver, lower free energy of electron transport through complexes I and II also indicates less "reducing pressure" required for reverse electron transport (53) . This possibility was demonstrated by Brand and colleagues, who found that sup-increase in hepatic oxidative metabolism. Indeed, splanchnic oxygen consumption was approximately 45% higher in obese humans compared with lean subjects (39) . When we prevented the rise in anaplerosis/cataplerosis during a HFD, the calculated oxygen consumption remained constant, consistent with our (28, 45) and others' (8, 27) reports that the PEPCK pathway links downstream energy utilization and oxidative metabolism.
The mechanisms for this metabolic regulation are partially understood. First, a product of β-oxidation, acetyl-CoA, is also an essential allosteric activator of PC (9) . Indeed, raising NEFA increased anaplerosis/cataplerosis linearly with oxidative flux in mouse liver and in rats infused with intralipid. Second, PC activity may also be modified by energy charge. Owen and Halestrap (46) found that mild inhibition of respiration, similar to the effects of metformin, was sufficient to suppress anaplerosis by reducing ATP energy charge. Indeed, we found that metformin suppressed oxidative metabolism and reduced PC flux (anaplerosis). Third, inducing GNG reduces energy charge, activates AMPK, and increases oxidative metabolism. When PEPCK was absent, the AMPK response was negated (47) . Consistent with this mechanism, knockdown mice had elevated energy charge. Fourth, decreasing flux through ATP-demanding pathways also decreases oxidative phosphorylation and reduces mitochondrial redox state (i.e., lower NAD + /NADH), which in turn suppresses TCA cycle function (11) . Indeed, acetoacetate/β-hydroxybutyrate ratios indicated reduced redox state in the mitochondrial matrix of knockdown mice. Finally, a reduction in GNG/cataplerosis results in a buildup of TCA cycle intermediates, which in turn inhibit the forward reactions of the TCA cycle (11) . Knockdown liver had elevated TCA cycle intermediates, particularly OAA and citrate, which inhibit the forward reactions of SDH/complex II and citrate synthase, respectively (11) . Interestingly, knockdown mice on a control diet tended to have a modestly elevated ketone turnover despite no effects on other fluxes. This may occur through a reduced mitochondrial redox state, lower insulin, and elevated Ppara and Hmgcs, which allow the knockdown mice to sense and compensate for a vulnerability to hypoglycemia. In short, the activation of anaplerosis/cataplerosis is required for increased hepatic oxidation, and oxidative capacity is required to support anaplerosis/cataplerosis. tection from elevated GNG could be explained by lower capacity in the knockdown mice, but protected insulin action likely stems from secondary factors such as reduced oxidative stress, inflammation, and/or altered redox signaling (53, 61) .
Validation of methodology. In contrast to one report (21) , tracer amounts of [U- 13 C] propionate resulted in only 3% glucose enrichment and did not stimulate glucose production or anaplerosis. This agrees with our previous experience, where we optimized propionate administration in mice to avoid elevated glucose or insulin levels (62) . Recently, investigators from the Vanderbilt Mouse Metabolic Phenotyping Center, Vanderbilt University, used an identical tracer approach, but an independent mass spectrometry platform, and found fluxes that were similar to those we previously reported; they also found that tracer amounts of [U- 13 C] propionate had no effect on hepatic metabolic flux in mice when fit to a complete regression model (22) . Notably, stoichiometric analysis of oxygen consumption correlated strongly with flux measurements using 13 C and 2 H isotopomer analysis. A similar retrospective analysis of fluxes determined in humans (7) provided a theoretical oxygen consumption (1.7 mmol•min -1 ) that was very close to previously reported splanchnic oxygen uptake (2.3 mmol•min -1 ) (39 (3) . We confirmed the effect using 2 identical liver perfusion conditions, with the only difference being in whether lactate/pyruvate or propionate was labeled. Simple equations gave 60% lower estimates of pyruvate cycling from [U-13 C]lactate/pyruvate than when a full regression model containing randomization was used. In contrast, [U- 13 C] propionate gave similar values using the simple equations and regression models with randomization. Ideally, regression models would always be used to fit isotopomer data to complex path-pressing complex II resulted in an oxidized state of the Q pool and slowed rates of reverse electron transport/superoxide production, independent of mitochondrial NAD + /NADH (54) . Thus, the reduced NAD + /NADH matrix, elevated energy charge, and TCA cycle intermediate profile in knockdown liver may suppress TCA cycle flux (including SDH/complex II) and decrease the reduction state of the Q pool.
Anaplerosis/cataplerosis can mediate molecular defenses against hepatocellular stress. Anaplerosis/cataplerosis may also initiate secondary events that confer improved antioxidant capacity. Modulation of Pck1 expression caused an upregulation of Ppara, as previously reported (27) , which may provide hepatocellular protection through increased Ucp2 or by activation of antiinflammatory pathways (55) . Similarly, despite no change in anaplerotic/cataplerotic flux, knockdown mice on a control diet developed increased TCA cycle intermediates such as fumarate and α-ketoglutarate, likely due to increased metabolic pressure through these pathways. These intermediates induce Nrf1/2 transcription factors that bind to the antioxidant response element and protect against oxidative stress during elevated β-oxidation and steatosis (56, 57) . Indeed, antioxidant genes (Gpx2, Sod1, and Sod2) were elevated in knockdown mice. Hepatic α-ketoglutarate may also activate IF1 via HIF1a and prevent ROS production by inhibiting respiration (58), consistent with reduced oxidative metabolism in knockdown mice on a HFD. Altered metabolite profiles were also linked to a change in hepatocellular redox state that translated to a reduced pyruvate/ malate ratio and hence reduced NADP + /NADPH, indicated by the malic enzyme equilibrium (32) . This redox condition is favorable for neutralizing peroxides. The induction of antioxidant mechanisms in knockdown mice may prime the liver for defense against oxidative stress in these mice during a HFD.
Remarkably, loss of cataplerotic capacity also protected hepatic insulin sensitivity despite comparable obesity, peripheral insulin resistance, and hepatic steatosis. This result is similar to the recovery of insulin signaling in db/db mice when PEPCK-C was knocked down (59) and is consistent with the loss of hepatic insulin sensitivity with the overexpression of PEPCK-C (60). Pro- Tracer infusions Rats. Jugular vein catheters were surgically implanted, and rats were allowed to recover for 5 days. On day 6, rats were fasted for 4 hours and were infused with 20% fat emulsion (Intralipid, Fresenius Kabi) and heparin (1.3 ml/h for 5 hours) to achieve a 4-to 5-fold increase in the plasma free fatty acid levels. A 2.5% glycerol infusion served as control for intralipid infusions to account for the 2.5% glycerol in the intralipid mixture.
After an initial 2-hour infusion of glycerol or intralipid, stable isotope tracers were coinfused as previously described (42) . Briefly, rats received an intraperitoneal injection (20 μl/g rat) containing [U- 13 At the end of the infusion, rats were anesthetized, whole blood was collected from vena cava, and tissues were collected and stored at -80°C until further analysis.
Mice. An indwelling jugular vein catheter was implanted, and mice were allowed to recover to their presurgical weights. Following an overnight fast (~16 hours), mice were infused with a mixture of stable isotope tracers in a 2-phase manner of 90 minutes each, as previously described (13) . Briefly, mice were infused with [3,4-13 C 2 ] acetoacetate and [U- 13 C 4 ] sodium β-hydroxybutyrate as a bolus (8.8 and 6.7 μmol/h) for 10 minutes and as a continuous infusion (3.5 and 2.7 μmol/h) for another 80 minutes. Approximately 50 μl of blood was collected for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of ketone turnover (63) .
Mice then received an intraperitoneal injection of isotonic D 2 O (99%; 28 μl/ g body weight) followed by an infusion of [U-13 C 3 ]propionate (50 mg/ml) and [3,4-13 C 2 ] glucose (3.72 mg/ml) at a 0.3 ml/h bolus for 10 minutes and a 0.06 ml/h continuous infusion for another 80 minutes. Mice were anesthetized, whole blood was rapidly collected from the descending aorta, and tissues were collected and stored at -80°C until further analysis.
Isotopomer analysis
Glucose and TCA cycle metabolism. Briefly, blood glucose from rats and mice and glucose isolated from perfusate was converted to 1,2-isopropylidene glucofuranose (monoacetone glucose [MAG]). MAG was analyzed by 2 H and 13 C isotopomer analysis on a 14T spectrometer equipped with a 3-mm broad-band probe, and peak areas were analyzed (ACD/Labs 11.0). The 2 H signals in the H2, H5, and H6s positions of MAG were used to determine fractional rates of glycogenolysis and GNG as previously detailed (13) . The 13 C NMR multiplets in the C3 and C4 resonance were used to determined [3,4-13 C 2 ]glucose enrichment. Glucose production, measured by glucose assay in liver perfusions (28, 45) , or [3,4-13 C 2 ]glucose turnover was used to determine rates of glycogenolysis and GNG (13) .
Isotopomers of C1, C2, and C3 of MAG were evaluated as the doublet 1,2 (D12 signifies 13 C in C1 and C2), doublet 2,3 (D23 signifies 13 C in C2 and C3), and quartet (Q signifies 13 C in C1, C2 and C3) ( Figure  1E ). These isotopomers were used to calculate rates of anaplerosis, GNG, and pyruvate cycling relative to TCA cycle flux as previously described (64) , using a principle similar to that described by Landau (16, 19) . Absolute rates were obtained by normalizing the relative rate of GNG to the absolute rate of GNG determined by 2 H analysis (13) .
Ketone turnover. In rats, steady-state [3,4-13 C 2 ]acetoacetate/ β-hydroxybutyrate and [1,2-13 C 2 ] β-hydroxybutyrate/acetoacetate ways, but in some cases, simple equations derived from complex models can be sufficient (and far more portable) if assumptions are valid or have limited effects when violated.
Summary. Increased hepatic anaplerotic/cataplerotic flux not only contributes to impaired regulation of circulating nutrients (e.g., glycemia and lipidemia), but may also initiate oxidative metabolism during obesity and insulin resistance ( Figure 8B ). In the setting of NAFLD, constitutive oxidative metabolism may cause collateral oxidative stress and inflammatory events that reinforce insulin resistance and hepatocellular damage. 
Methods

Chemicals
Animals and diets
Male C57BL/6 mice (~25-30 g) and Wistar rats (~175-200 g) were purchased from Charles River Laboratories and maintained on a control diet with 10% calories from fat (Harlan Teklad TD06416). Wholebody PEPCK knockdown (Pck1 lox+neo/lox+neo , knockdown), liver-specific knockout (Pck1 lox/lox Alb-Cre), and WT (Pck1 lox/lox ) mice were generated as previously described (27) . Animals were maintained on a standard lab chow, a semisynthetic control diet (10% calories from fat; Harlan Teklad TD06416), or a HFD (60% calories from fat; Harlan Teklad TD06414) for 16 weeks beginning at 4 to 6 weeks of age. After 12 weeks on a HFD, a subset of mice were provided a HFD mixed with 0.5% (w/w) metformin (Sigma-Aldrich) for 4 weeks. Experiments were carried out in either overnight-fasted (~16 hours) or ab libitum-fed mice.
Liver perfusions
Mouse livers were perfused as previously described (28, 45) . Briefly, livers were exposed by laparotomy, and the portal vein was cannulated. Perfusion was initiated, and the hepatic vein was dissected simultaneously. The liver was isolated and perfused at 8 ml/min with a nonrecirculating buffer in a double-jacketed vessel maintained at 37°C for 60 minutes. Perfusate consisted of a well-oxygenated (~500 mm Hg) Krebs-Henseleit bicarbonate buffer containing 1.5 mM lactate, 0.15 mM pyruvate, 0.25 mM glycerol, 0.1 mM [U-13 C 3 ] propionate, 3% v/v D 2 0, and a 0.2 mM or 0.8 mM mix of NEFA (40% palmitic, 35% oleic acid, 15% linoleic, and 10% palmitoleic) bound to fatty acid-free BSA. Several variations of this design were used to test the responsiveness of the tracer approach. Where designated, NEFA was replaced with 0.2 mM octanoate to increase fat oxidation. Where designated, [U-13 C 3 ] lactate and [U-13 C 3 ] pyruvate were used and propionate was not 13 C enriched. Where designated, insulin was infused directly into the portal line using a syringe pump to deliver the equivalent of 10 ng/ ml. Aliquots of effluent perfusate were collected every 15 minutes for glucose, ketone, and oxygen measurements. Oxygen concentration was measured using a blood gas analyzer, and oxygen consumption (MVO 2 ) was determined as the difference between oxygen concentration in the afferent and efferent perfusate. jci.org Volume 125 Number 12 December 2015 departments/airc/tools-references/software-downloads/runningprograms.html). Experimentally determined fluxes (relative to TCA cycle flux) of anaplerosis (2.7), pyruvate cycling (1.5), and GNG (1.2) ( Figure 2 ) were assigned in tcaSim (ypc = 2.6, ys = 0.1, pk = 1.5). Lactate/pyruvate enrichment was assigned to Lac123 = 0.1 or 0. Propionate enrichment was assigned to AS123 = 1 or 0. Backward scrambling (rof) was arrayed from 0.8 to 1. The simulated 13 C multiplets formed in glucose were used to recalculate fluxes using the simple equations (64) . Backward scrambling was confirmed using glucose C1, C2, and C3 isotopomers formed during [U- 13 (32) . Snap-frozen liver samples were collected from a subset of WT and knockdown mice on the HFD. Organic acid concentrations were measured by gas chromatography-MS (GC-MS) as previously described (66) . The Q/QH 2 ratio was estimated from the succinate dehydrogenase equilibrium (i.e., Q/QH 2 = [Fum]/[succ] × 1/K SDH ; where K SDH = 172) (31) . The ΔG for combined complexes I and II was calculated as previously described (31) . The NADP + /NADPH ratio was estimated from the malic enzyme equilibrium (i.e., NADP + /NADPH = [pyr]/[mal] × [CO 2 ] × 1/K ME , where [CO 2 ] = 1.2 × 10 -3 and K ME = 3.4 × 10 -2 ) (32).
Liver ATP, ADP, and AMP were measured using an HPLC method we previously described (67) that was modified for MS detection. Briefly, the frozen liver samples were spiked with [ 13 C 10 , 15 N 5 ]ATP and [ 13 C 10 , 15 N 5 ]AMP (Sigma-Aldrich) internal standards before extraction. Analysis was performed on an API 3200 triple quadrupole LC-MS/ MS mass spectrometer (Applied Biosystems/Sciex Instruments) in positive electrospray ionization mode. A reverse-phase C 18 column (Waters xBridge, 150 × 2.1 mm, 3 μm) and a gradient elution consisting of water/methanol (5:95, v/v) with 4 mM dibutylamine acetate (eluent A) and acetonitrile with 4 mM dibutylamine acetate (eluent B) was used to achieve separation. Positive-ion-mode ESI and multiple reaction monitoring (MRM) were used to quantify nucleotides in standard solutions and biological samples.
Determination of hepatic insulin sensitivity
Overnight-fasted (~16 hours) mice were infused with insulin (Humulin R, Eli Lilly) at 5 mU -1 kg -1 min -1 . Dextrose (30%) mixed with [U-13 C 6 ]glucose (~50 μmoles/ml) was infused at variable rates to maintain euglycemia (~120 mg/dl) for 120 minutes. Glucose concentration was detected in tail blood using a glucometer. Glucose infusion rates and plasma glucose enrichment during the last 60 minutes were used to estimate glucose turnover. Plasma [U-13 C 6 ] glucose enrichment was measured by LC-MS/MS under negative ion electrospray ionization with MRM, using 179 → 119 (unlabeled glucose) and 192 → 128 ([U-13 C 6 ] glucose) enrichments were examined by isotopomer analysis of their 13 C NMR resonances and multiplets as previously described (42) . In mice, [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]acetoacetate/β-hydroxybutyrate and [U-13 C 4 ]β-hydroxybutyrate/ acetoacetate enrichments were examined by LC-MS/MS mass isotopomer analysis, as previously described (63) .
Estimated hepatic oxygen consumption
Oxygen consumption by liver was estimated from the net production of RE (NADH or FADH2) produced via pathway fluxes as previously described (65) with some modifications. The β-oxidation of palmitate generated 8 acetyl-CoA and 14 RE (or 1.75 RE per acetyl-CoA), and oxidation of acetyl-CoA in the TCA cycle produced an additional 4 RE. Therefore, TCA cycle flux generated 5.75 RE. Ketogenesis consumed 2 acetyl-CoA per ketone; thus, acetoacetate production generated 3.5 RE, while its reduction to β-hydroxybutyrate generated 2.5 RE. The glycerol 3-phosphate dehydrogenase reaction generated 1 RE during GNG from glycerol. The glyceraldehyde 3-phosphate dehydrogenase step in GNG from PEP consumed 1 RE, which was offset when lactate (lactate dehydrogenase produces 1 RE), but not pyruvate/alanine, was used as a gluconeogenic precursor. The sum of these fluxes was used to determine net RE production using the following equation:
where TCA is flux through the TCA cycle measured by 13 C isotopomer analysis of perfusate or plasma glucose, ACAC is acetoacetate production measured in effluent perfusate or by 13 C-acetoacetate turnover, and BHB is β-hydroxybutyrate production measured in effluent perfusate or by 13 5 μl SYBR Green PCR master mix (Applied Biosystems) on an Applied Biosystems Prism 7900HT sequence detection system. The comparative threshold method was used to determine relative mRNA levels with cyclophilin b (Ppib) as the internal control. PCR array of oxidative stress was performed using the oxidative stress RT Profiler (catalog PAMM-065Z, QIAGEN).
Western blot analysis
Approximately 50 mg of frozen liver tissue was homogenized in RIPA buffer (Cell Signaling) with complete protease inhibitors (Roche) followed by two 10-second sonications at 10% amplitude (Branson). The following antibodies were obtained from Cell Signaling Technology: Akt (catalog 9272), p-Akt (S473; catalog 4060), NF-κB (catalog 8242), and pNF-κB (S536; catalog 3033).
Other assays and hormone measurements
Plasma ketone body and NEFA concentrations were determined using commercial assays (Wako Chemicals Inc.). Plasma insulin was measured by enzyme-linked immunoassay using the Mouse Insulin ELISA Kit (CrystalChem). Hepatic triglyceride concentrations were determined using an analytical kit (Sigma-Aldrich). Oxidative damage indicated by malondialdehyde levels was assayed using the thiobarbituric acid-reactivity assay as we previously described (13) .
Human biopsies
Biopsies were obtained from nondiabetic African-Americans and Hispanics with metabolic syndrome and elevated liver enzymes as part of a larger study (7, 68) . Subjects underwent an evaluation to ensure there were no viral, heritable, or environmental (ethanol) reasons for elevations in serum aminotransferases and were offered liver biopsy (n = 16). A total of 8 subjects underwent ultrasound-guided percutaneous liver biopsy by a hepatologist. All samples were read and scored by an independent hepatopathologist using standards established by the NASH Clinical Research Network (34) .
Statistics
Data are reported as mean ± SEM. Significant differences (P < 0.05) were determined using 1-way ANOVA, 2-tailed t test or 1-tailed t test, as indicated in figure legends, and with correction for multiple comparisons where appropriate. Outliers were detected by a Grubb's test. Significant correlations were determined using 2-tailed (or 1-tailed where designated) Pearson correlation calculations. All statistics and graph preparations were performed using Prism 6 (Graph Pad Software Inc.).
Study approval
All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center. All human subjects gave written informed consent prior to participation, and the study was approved by the Institutional Review Board at UT Southwestern Medical Center (approval no. 062007-025).
Author contributions ADS, CRM, IC, MAM, EJP, and SCB designed experiments; SS, BK, JAGD, JAF, LR, NES, TH, LAN, KL, EJP, and XF performed experiments; SS, XF, JAGD, MEM, JMS, and JL acquired data; SS, BK, JAGD, NES, XF, MEM, JMS, JL, and SCB analyzed data; JDB per-transitions. Clamped glucose production was compared with basal glucose production in a subgroup of mice used to determine basal fluxes (see above), but under otherwise identical conditions. Insulin action was determined using a previously reported approach (59) with some modifications. Briefly, overnight-fasted WT and knockdown mice were anesthetized and laparotomy was performed to obtain a small (~50 mg) biopsy of liver. Insulin (1 IU/kg) was injected into the portal vein, and 3 minutes later, another portion of liver was obtained. Western blotting was used to determine the AKT-p/ AKT ratios in these samples, and the fold induction of the ratio following insulin injection was taken as insulin action.
Histology H&E staining of liver in overnight-fasted mice was performed as we previously described (13) . Inflammation was assessed in 8 WT and 5 knockdown livers by a blinded colleague who counted the occurrence of infiltrate clusters in 15 fields of view per liver.
Staining of ROS was performed using DHE staining. Livers from overnight-fasted mice were isolated and immediately frozen in a tissuefreezing medium (O.C.T. compound, Tissue-Tek) and stored at -80°C until staining. Samples were equilibrated to -21°C and sectioned at 8-μm thickness on a Leica CM3050S cryotome. Resulting sections were affixed to silanated-adhesive slide glass (Superfrost-Plus, Fisher Scientific), protected from light, and briefly air dried prior to staining. Serial section companion slides were prepared for immediate DHE staining and for short-term storage at -80°C prior to DHE staining. Thawed sections were incubated (37°C) under coverslips with 2 μM DHE Na-Hepes-Krebs buffer for 30 minutes. Sections were immediately reviewed and imaged using Cy3 single-bandpass fluorescence microscopy (510-560 nm excitation, 572-648 nm emission) on a Leica DM2000 photomicroscope equipped with an Optronics Microfire CCD camera. Control diet panels were 592 μm wide, and HFD panels were 1184 μm wide.
In vitro analysis of oxidative stress H4IIE cells (ATCC, CRL-1548) were cultured in 100 mm 2 sterile cell culture dishes in high-glucose DMEM (Sigma Aldrich, D6429) plus 10% FBS media at 37°C in 5% CO 2 to a confluency of approximately 80%. The medium was changed overnight to low-glucose DMEM (Sigma-Aldrich, D6046) supplemented with penicillinstreptomycin. The cells were treated in triplicate for 5 hours with 0.2 mM or 0.8 mM BSA-palmitic acid in low-glucose DMEM with or without 100 μM mercaptopicolinate (PEPCK inhibitor). Cells were subsequently incubated in 8 ml of low-glucose DMEM containing 15 μM 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (Invitrogen, catalog C-400) at 37°C for 1 hour in the dark. The medium was removed, and cells were scraped and pelleted by centrifugation twice in 1 ml of cold PBS. The pellet was subsequently sonicated in 400 μl of PBS and centrifuged at 9,500 g for 10 minutes at 4°C. The supernatant was diluted with 600 μl of PBS and analyzed by fluorescence spectrophotometry with excitation at 485 nm and an emission scan from 500 to 560 nm. The fluorescent intensity at 526 nm per mg protein was reported as the fold change from the untreated controls (BSA only, ± mercaptopicolinate).
Gene-expression analysis qPCR was performed as previously reported (13) . Analysis was performed in triplicate with 25 ng cDNA, 150 nmol/l of each primer, and
